Aims/hypothesis Growth hormone has been used experimentally in two studies to treat individuals with type 2 diabetes, with both reporting beneficial effects on glucose metabolism. However, concerns over potential diabetogenic actions of growth hormone complicate its anticipated use to treat type 2 diabetes. Thus, an animal model of type 2 diabetes could help evaluate the effects of growth hormone for treating this condition. Methods Male C57BL/6J mice were placed on a high-fat diet to induce obesity and type 2 diabetes. Starting at 16 weeks of age, mice were treated once daily for 6 weeks with one of four different doses of growth hormone. Body weight, body composition, fasting blood glucose, insulin, glucose tolerance, liver triacylglycerol, tissue weights and blood chemistries were determined. Results Body composition measurements revealed a dosedependent decrease in fat and an increase in lean mass. Analysis of fat loss by depot revealed that subcutaneous and mesenteric fat was the most sensitive to growth hormone treatment. In addition, growth hormone treatment resulted in improvement in glucose metabolism, with the highest dose normalising glucose, glucose tolerance and liver triacylglycerol. In contrast, insulin levels were not altered by the treatment, nor did organ weights change. However, fasting plasma leptin and resistin were significantly decreased after growth hormone treatment. Conclusions/interpretation Growth hormone therapy improves glucose metabolism in this mouse model of obesity and type 2 diabetes, providing a means to explore the molecular mechanism(s) of this treatment.
Introduction
Recombinant human growth hormone is a drug approved for a variety of clinical conditions. It has positive effects on body composition [1] . Increased protein accretion in muscle and lipolysis in adipose tissue are biological consequences of growth hormone action and together promote a lean phenotype, as reviewed [2] . Despite its ability to improve body composition, growth hormone has also been described as a diabetogenic agent with the ability to inhibit the action of insulin [1, 3, 4] . Thus, one concern about use of growth hormone for treating type 2 diabetes is the possibility of developing or worsening existing insulin resistance.
insulin sensitivity [5, 6] . While growth hormone has been studied frequently as treatment for non-diabetic, obese individuals, with mixed results [5] [6] [7] [8] [9] [10] [11] [12] , research on its use for treating human type 2 diabetes is limited to the two studies mentioned above. Furthermore, there are no studies using growth hormone in animal models of type 2 diabetes, so additional insight is lacking. Thus, the question of whether growth hormone can be safely used to treat type 2 diabetes remains unresolved, therefore an animal model that can more fully evaluate the impact of growth hormone treatment on physiology and organ function would be useful.
Development of an animal model would be useful for other reasons. Studies using humans can be difficult to interpret, due to heterogeneous genotypes, as well as difficulty in controlling patient activities like diet, exercise and medication [6, 11, 13] . Mouse models, in contrast, are often used to supplement knowledge of human diseases and offer other advantages. For example, mice have relatively similar physiologies to humans, while pure bred stains are genetically more uniform than humans and exogenous factors, which are hard to control in humans, can be easily controlled in a laboratory setting. Therefore, it is imperative to develop a mouse model to evaluate the safety and effectiveness of growth hormone therapy in the treatment of type 2 diabetes.
In the current study, an established mouse model of dietinduced obesity and type 2 diabetes [14] [15] [16] [17] [18] was used to evaluate the impact of growth hormone treatment on type 2 diabetes. Type 2 diabetic mice (defined here as mice with significantly elevated blood glucose and insulin compared with control mice) were treated with a wide range of growth hormone doses for 6 weeks while maintained on a high-fat diet. Metabolic variables relevant to obesity (body weight, body composition, adipokine levels, organ weights and liver triacylglycerol), diabetes (glucose, glucose tolerance, insulin levels) and growth hormone status (IGF-1 levels, organ weights) were monitored.
Methods
Generation of a mouse model of diet-induced obesity and type 2 diabetes Induction of a mouse model of obesity and type 2 diabetes using a high-fat diet has been reported previously [14] [15] [16] [17] [18] . We purchased 49 male C57Bl/6 J mice (Jackson Laboratories, Bar Harbor, ME, USA) at 21 days of age and divided them into two experimental groups. The first group (n=42) was placed on a high-fat diet (D12492; Research Diets, New Brunswick, NJ, USA), while the second group (n=7) was placed on standard laboratory rodent chow (ProLab RMH 3000; LabDiet, Richmond, VA, USA). In the high-fat diet, 20% of energy was from carbohydrates, 20% from protein and 60% from fat. The standard low-fat diet supplied 60% of energy from carbohydrates, 26% from protein and 14% from fat. Mice were maintained on the respective diets throughout the study, including during the growth hormone treatment phase. Mice were housed two to three per cage, with free access to food and water. The cages were kept in a temperature-and humidity-controlled room and exposed to a 14 h light/10 h dark cycle. All procedures were approved by the Ohio University Institutional Animal Care and Use Committee and fully complied with all federal, state and local policies.
Growth hormone treatment Purified recombinant bovine growth hormone was a gift from Monsanto (St Louis, MO, USA). Purified growth hormone powder was suspended in PBS. All four doses were prepared on the same day prior to the study and stored as daily aliquots frozen at −80°C. Individual aliquots were thawed just prior to use. The 6-week phase of daily subcutaneous growth hormone injections (referred to as growth hormone treatment phase) started after 16 weeks on the high-fat diet and continued to week 22. For mice on the high-fat diet, growth hormone was administered at four different doses: 0.005, 0.05, 0.5 and 5 μg growth hormone g −1 day −1 (referred to as HF-0.005, HF-0.05, HF-0.5 and HF-5 in the text). In addition, a low-fat diet group and a high-fat diet group of mice were injected with an equal volume of PBS and served as controls (referred to as LF-PBS and HF-PBS, respectively). Seven to nine mice were used per group. Injection sites were rotated weekly between the neck and the lower back to minimise skin irritations. The injections occurred at 15.00 hours±2 h daily.
Weight and body composition measurements Total body weight was assessed weekly throughout the study. Body composition was measured weekly using a Bruker Minispec (The Woodlands, TX, USA) during the 6 week growth hormone treatment phase.
Blood glucose measurements and collection of plasma During the growth hormone treatment phase, fasting blood glucose was determined and fasting plasma samples were collected every 2 weeks. Blood collection was performed by cutting~1 mm off the tip of the tail and collecting 200 μl of blood into heparinised capillary tubes. Blood collection occurred between 09.00 and 11.00 hours following a 12 h fast. Plasma was obtained by centrifugation at 4°C for 10 min at 7,000g and was stored at −80°C until further analysis.
Plasma measurements IGF-1 concentrations were determined using a mouse IGF-1 ELISA kit (DSL-10-29200; Diagnostic Systems Laboratories, Webster, TX, USA) following the manufacturer's instructions. Glucose tolerance test Glucose tolerance tests were performed during the final week of injections. Mice were fasted for 12 h prior to the measurements. Each mouse received an intraperitoneal injection of a 10% glucose solution at 0.01 ml/g body weight. Blood glucose measurements were performed in duplicate using a glucometer (OneTouch LifeScan, Milpitas, CA, USA) before the injection and at 60, 120 and 180 min after the injection.
The fasting blood glucose and glucose tolerance tests were timed to be assessed in the mornings and~18 h after the last daily growth hormone injection.
Tissue collection Animals were killed by cervical dislocation after 22 weeks of diet treatment and 6 weeks of daily growth hormone injections. Liver, kidney, heart, muscle and adipose tissue (inguinal subcutaneous, epididymal, retroperitoneal, mesenteric fat pads) were collected, weighed, flash-frozen in liquid nitrogen and stored at −80°C until further analysis.
Liver triacylglycerol content Liver tissue was used for extraction and measurement of triacylglycerol levels as described previously [19] . Briefly, samples were digested in a 3 mol/l KOH in 65% (vol./vol.) ethanol solution overnight. A triacylglycerol GPO kit (Pointe Scientific, Canton, MI, USA) was used to measure glycerol content of the samples. Calculations were performed to estimate triacylglycerol levels, assuming the average molecular mass of triacylglycerol is 0.885 kDa (885 g/mol).
Statistical analysis Data are presented as mean±SEM. Statistics were performed on weights, body composition measurements, plasma measurements and organ weights using SPSS version 14.0 (Chicago, IL, USA). Comparisons were made using a univariate ANOVA with Tukey's honestly significant difference post hoc test. For withinand between-group comparison of longitudinal data, repeated-measures ANOVA was used. Differences were considered significant at p<0.05.
Results
Generation of mouse model of obesity and type 2 diabetes mice After 16 weeks, the high-fat group of mice weighed significantly (42.6±0.7 g) more than those fed the low-fat diet (28.7±1.0 g). This increase in weight was due, in part, to fat mass accumulation (14.4±1.5 g on high-fat diet vs 0.99±0.2 g on low-fat diet). Insulin (483±33 pmol/l) and glucose (12.7±.043 mmol/l) levels were also significantly elevated in the high-fat fed compared with low-fat fed control animals (63.9±12 pmol/l and 7.88±0.63 mmol/l, respectively). These results were similar to those reported previously [14, [16] [17] [18] and show that the high-fat fed mice used in the growth hormone treatment phase were obese and diabetic before treatment began.
Growth hormone stimulated IGF-I production Plasma IGF-1 levels were monitored to evaluate the potency of the bovine growth hormone treatment regime. Plasma IGF-1 levels of the LF-PBS injected group were significantly lower than all high-fat fed groups (F [5, 43] =27.373, p<0.05) where 5 represents the degrees of freedom between groups and 43 represents the degrees of freedom within groups ( Fig. 1 ). Of the high-fat fed mice, only the highest dose of growth hormone was able to significantly elevate plasma IGF-1 levels above those of the control group.
Body weight and composition changes with growth hormone treatment No significant difference in body weight was observed between or among the groups fed the high-fat diet even with the various growth hormone treatments (F [5, 45] =0.502, p=0.78) ( Table 1) . However, there were dramatic alterations in body composition between the highfat fed groups following growth hormone treatment (Figs 2 and 3). Specifically, the highest two doses of growth hormone resulted in a dose-dependent decrease in fat mass in high-fat fed mice (F [5, 43]=41.1, p<0.001) (Fig. 2) . The decrease in adiposity was statistically significant by the end of the first week of growth hormone treatment. Interestingly, the peak loss in fat mass occurred after only 2 weeks, even though the control mice and those treated with lower dose growth hormone continued to gain fat mass during the 6 weeks of growth hormone treatment. Thus the total fat mass change after 6 weeks of injections was a net gain of 3.7±0.4 g (12.5%) in the HF-PBS group, while the HF-5 group had a net loss of 4.1±0.8 g (−11.2%) over the same period; this represents a difference of 8 g between untreated high-fat fed mice and those mice treated with the highest level of growth hormone. In terms of per cent body fat, the high-dose growth hormone treatment accounted for a large reduction when compared with high-fat fed control mice, with the latter having 37.4% mean body fat, while mice receiving high-dose growth hormone (5μg g −1 day −1 ) had 21.4% mean body fat. Lean mass differences were also seen. With the highest dose of growth hormone, significant increases in lean mass were observed (F= [5, 43] =66.1, p<0.001) (Fig. 3) . Unlike fat mass reduction, which peaked after 2 weeks of treatment, lean mass continued to increase over the entire 6 weeks of high-dose growth hormone treatment. At the end of the 6 weeks, the mice in the high-dose growth hormone treatment group had gained a mean of 3.9 g of lean mass. The amounts of lean mass in the HF-PBS, HF-0.005, HF-0.05 and HF-0.5 groups did not differ significantly (F [5, 43] =46.620, p>0.05) at the end of the 6 week treatment phase. Fluid as determined by nuclear magnetic resonance was measured, but did not change significantly with growth hormone treatment regardless of dose (data not shown).
Glucose, insulin and glucose tolerance After 6 weeks of growth hormone injections, blood glucose levels were altered significantly among groups (Fig. 4a) . The mice with the two highest doses of growth hormone had significantly reduced blood glucose levels compared with PBS-treated mice on the high-fat diet. Surprisingly, the highest dosage of growth hormone decreased fasting blood glucose to a level similar to those of non-diabetic mice fed the low-fat diet (Fig. 4b) . Glucose tolerance tests revealed a similar pattern, with improvements in glucose metabolism in mice on higher doses of growth hormone (Fig. 4c) . However, plasma insulin levels showed a different trend (Fig. 4b) . After 6 weeks of injections, all high-fat fed groups had significantly elevated plasma insulin levels compared with low-fat-fed control mice. Growth hormone treatment, regardless of dosage, had no effect on plasma insulin levels.
Adipokine and cytokine levels Plasma samples from the LF-PBS, HF-PBS and the HF-5 growth hormone treatment groups were evaluated for cytokine and adipokine levels ( Table 2) . Compared with LF-PBS mice, high-fat feeding resulted in a significant elevation in insulin, leptin, resistin, tissue plasminogen activator inhibitor-1 (tPAI-1) and granulocyte-macrophage colony-stimulating factor. In high-fat fed mice treated with growth hormone, a significant reduction in plasma levels of leptin and tPAI-1 was achieved. In the HF-5 group, only tPAI-1 was reduced with growth hormone treatment to levels similar to those in LF-PBS mice.
Organ weights Mean organ weights are shown in Table 1 were not altered among any of the treatment groups. Kidney weight in the HF-0.005 group was significantly less than in the HF-5 group; however, these groups were not significantly different from the remaining treatment groups (F [5, 43] =2.914, p>0.05). Compared with the HF-PBS group, the weight of the four adipose depots was significantly decreased upon treatment with the highest dose of growth hormone. The subcutaneous and mesenteric fat pads showed the greatest per cent decrease (−59% and −51% respectively) with growth hormone treatment, while the epididymal fat showed the smallest per cent decrease (−36%).
Liver triacylglycerol Liver triacylglycerol levels were significantly elevated with high-fat feeding (HF-PBS) compared with LF-PBS controls (Fig. 5) . Although no effect was seen with the low growth hormone doses, triacylglycerol levels in the livers of HF-0.5 and HF-5 mice were significantly lower than those in HF-PBS controls and, in fact, were statistically similar to those in LF-PBS controls, suggesting a complete reversal of fatty livers. 
Discussion
Growth hormone treatment resulted in significant improvements in body composition with higher doses showing the greatest improvements. Over the 6 week treatment period, a significant reduction in fat mass and a significant increase in lean mass were observed, even though these mice had free access to a high-fat diet during the treatment period. Surprisingly, growth hormone treatment significantly improved several, but not all indicators of diabetes. Thus the higher doses of growth hormone drastically improved fasting blood glucose levels and glucose tolerance in the high-fat fed mice, reducing them to the level seen in the low-fat fed controls. Growth hormone treatment also reduced liver triacylglycerol content. Despite treatment with increasing doses of growth hormone, hyperinsulinaemia did not worsen.
Several interesting observations regarding body composition were observed. First, improvements in body composition were seen at the highest two doses of growth hormone, even though only the highest dose of growth hormone resulted in elevated circulating IGF-1 levels. Thus, the changes seen in body composition could be due to the action of growth hormone or to the autocrine or paracrine actions of IGF-1. The importance of the autocrine or paracrine production of IGF-1 has been well documented in the liver insulin-like growth factor-1-deficient mouse model [20] . Another possibility is that the level of free, but not total IGF-1 could have been altered, since we only measured and reported total IGF-1 in this study. Second, not all adipose depots appeared to be equally responsive to the growth hormone treatment. The subcutaneous (inguinal) and visceral (mesenteric) fat pads were the most impacted, while the epididymal fat pad was least altered with growth hormone treatment. Depot-specific effects of growth hormone have been reported previously [21, 22] . Thus, these data further support the notion that all fat depots should be evaluated independently in studies with growth hormone or other hormonal treatments. Finally, the timing of the change in lean mass vs fat mass was not the same. The decreases in fat mass observed for the highest dose of growth hormone were seen as early as 2 weeks after initiation of growth hormone injection. In contrast, the gains in lean mass became more prominent with each additional week of treatment. The ability of growth hormone to protect mice from diet-induced fat accumulation and to redirect nutrient partitioning away from adipose tissue and into lean tissue has been reported previously in growth hormone transgenic mice [21, 23] . However, both of these studies used mice engineered to have chronically elevated growth hormone levels, representing more of an acromegalic state, and not a daily dosing therapy as performed in this study. Overall, Table 2 Fasting plasma measurements of low-fat diet-fed mice injected with PBS (LF-PBS), high-fat diet-fed mice injected with PBS (HF-PBS) and high-fat diet-mice treated with 5μg growth hormone g our results show that acute treatment of growth hormone can radically shift body composition and result in significant lean mass gains. It is well known that growth hormone can exhibit diabetogenic or anti-insulin activities [24] . Indeed, it has been suspected to cause insulin resistance in tissues containing both growth hormone and insulin receptors, such as liver, muscle and fat, all of which [25] [26] [27] [28] have been shown to be affected by acute growth hormone administration and to exhibit insulin resistance. The specific mechanisms responsible for insulin resistance caused by growth hormone remain unknown. While some recent findings suggest that phosphoinositide 3-kinase plays a pivotal role [29, 30] , others argue against this [27, 28] . Obesity can also lead to an insulin-resistant state; thus, one might expect that growth hormone treatment of obese mice would exacerbate insulin resistance. While the high-fat diet resulted in obesity and type 2 diabetes, growth hormone treatment with a high-fat diet actually improved fasting blood glucose and glucose tolerance.
Numerous clinical studies have reported the impact of growth hormone treatment of obesity on glucose metabolism, with mixed results. The findings reported here are not unprecedented, since improved glucose metabolism has been described in three of 24 clinical trials [5] [6] [7] . However, many studies report that growth hormone treatment of obesity has either little to no effect [8, 9, 11, 12] or negative effects [31] [32] [33] [34] on glucose metabolism. A recent metaanalysis comparing 24 studies in which growth hormone was used to treat obesity revealed a small increase in fasting plasma glucose and fasting insulin [35] . However, the authors state that the negative impact on glucose and insulin was most notable in studies using interventions of short duration. Studies with longer treatment regimes showed a lesser effect on insulin levels. Furthermore, only a few studies included data on overall insulin resistance and glycaemia [35] . Surprisingly, this meta-analysis also indicated that HOMA-insulin resistance (IR) and HbA 1c levels were improved. It concluded that the effect of growth hormone therapy on glucose homeostasis in obesity requires further evaluation in long-term studies [35] . While several studies have reported an increase in insulin and glucose levels, studies reporting insulin sensitivity (usually by measuring glucose disposal rate) generally agree that it is either unaffected or improved by growth hormone treatment [5, 7, 36] . One explanation for the discrepancies in the literature may be the inclusion or exclusion criteria of individuals with diabetes or the degree of insulin resistance. While more than two dozen clinical trials have used growth hormone to treat obesity, only two have reported improvements in glucose and insulin levels, and insulin sensitivity [5, 6] . Coincidently, these two studies specifically targeted individuals with type 2 diabetes. Therefore, a possible explanation for our results, with reversal of hyperglycaemia and glucose intolerance with growth hormone treatment, is that in a diabetic state with elevated glucose and glucose intolerance, the diabetogenic actions of growth hormone are overshadowed by its beneficial impact on body composition. Since the mice in our study, as well as humans with type 2 diabetes [5, 6] , responded well to growth hormone therapy despite having hyperglycaemia and impaired glucose tolerance prior to treatment, such an explanation is plausible. Future studies in this model, using mice with varying degrees of insulin resistance and better assessing the degree of insulin resistance with glucose and insulin clamping, will help address this hypothesis.
Clinical studies have used a wide range of growth hormone doses to treat obesity (5-123 IU/week [~0.003-0.1 mg kg −1 day −1 ]) [11, 37] , while doses used for humans with type 2 diabetes were 5-11 IU/week (~0.003-0.007 mg kg −1 day −1 ) [5, 6] . Unfortunately, a direct comparison of dosages used in this study to those used for humans is not appropriate and can only be considered in terms of relative dosage for several reasons. There are several species differences as mice were treated instead of humans, bovine growth hormone was used instead of human growth hormone and the system used was not homogenous (i.e. mice treated with bovine growth hormone as opposed to humans treated with human growth hormone). This is one of the reasons why such a broad range of growth hormone levels was used in this study to ensure we reached a dosage that was biologically relevant. Importantly, the recombinant bovine growth hormone used in this study was active, since dose-dependent effects were seen in vivo. However, it appears that the two lowest doses of growth hormone (0.05 and 0.005μg/g) provided too little growth hormone activity to result in any physiological changes measured. The two highest doses of growth hormone (0.5 and 5.0μg/g) improved body composition, glucose and liver triacylglycerol content, while only the highest dose (5.0μg/g) was high enough to elevate total IGF-1. Thus these data suggest that it is possible to improve body composition, glucose and liver triacylglycerol content with dosages of growth hormone that are below the threshold required to elevate total IGF-1. For obese adult humans treated with growth hormone, Mekala et al. [35] demonstrated that doses above the median value of 31.1 IU/week (10.4 mg/week or 0.023 mg kg −1 day −1 ) showed a stronger trend towards increasing serum IGF-1. Based on our results and those of Mekala et al. [35] , we would suggest a starting dosage approaching but not exceeding 30 IU per week, subsequently titrating appropriately on the basis of individual IGF-1 response to growth hormone. In other words, optimal therapy would be the highest level of growth hormone that does not result in elevation of IGF-1 above levels appropriate for the patient (age and sex considered).
It is difficult to determine (due to species differences) exactly how long treatment should be given to humans with type 2 diabetes. However, since changes in body composition occurred well before the 6-week endpoint in mice, it is likely that the improvements to body composition were responsible for the improvements we observed in glucose metabolism. In the two human studies using growth hormone to treat patients with type 2 diabetes, only 12 weeks of growth hormone therapy was needed to improve body composition, fasting blood glucose, insulin and insulin sensitivity [5, 6] . While Ahn et al. [6] did not report progression of their data during the 12 weeks, Nam et al. [5] reported glucose and insulin levels at 4-week intervals during the 12-week therapy. They [5] found that an initial increase in insulin occurred at 4 weeks, followed by a progressive decrease in insulin at 8 and 12 weeks. Similarly, glucose only decreased minimally at 4 weeks, with steeper declines occurring at 8 and 12 weeks In humans, therefore, it appears that more than 4 weeks were needed and 12 weeks were sufficient to see improvements. Taken together, it seems sufficient time should be given for growth hormone to improve body composition, as improvements in glucose metabolism are likely to be a result of altered body composition.
In summary, these data show that type 2 diabetes can be significantly improved with growth hormone treatment in a mouse model of diet-induced obesity and type 2 diabetes. These results are similar to those shown in humans with type 2 diabetes [5, 6] . The use of growth hormone to treat human type 2 diabetes remains highly controversial, despite two clinical trials having shown a positive impact on glucose homeostasis [5, 6] . It would therefore be important to develop an animal model, as shown here, to investigate more fully the impact of growth hormone treatment on specific tissues and conditions, such as fatty liver, as well as to better determine the mechanisms by which growth hormone impacts on type 2 diabetes. While our data do not advocate the use of growth hormone to treat humans with type 2 diabetes, they do provide a model to better evaluate the efficacy and safety of its use and may be used to elucidate the mechanisms involved.
